This paper reports the dielectric and photoluminescence measurements of ossiointegrated strontium doped hydroxyapatite bioceramic. The study on invitro bioactivity of Sr-HAp is carried out by using modified simulated body fluid. Dielectric properties of these ossiointegrated samples are studied in the frequency range 10 Hz to 1 MHz at room temperature. Dielectric constant is found to be decreasing with an increase in incubation period and frequency of applied ac field. Higher the period of incubation and applied ac frequency, higher is the dielectric loss. AC conductivity shows frequency independent behaviour for all samples in lower frequency region and then increases linearly with increase in frequency. Sample incubated for longer duration shows higher conductivity. The optical properties of incubated Sr-HAp samples are also investigated with photoluminescence (PL) technique. The PL study shows the blue emission at around 476 nm when excited at 409 nm. The PL intensity increases with increase in incubation duration and Sr-substitution.
INTRODUCTION
Hydroxyapatite bioceramic (HAp:Ca 10 (PO 4 ) 6 (OH) 2 ) is one of the attractive member of calcium phosphate family having same mineral composition as that of calcified tissues of vertebrates. It not only promotes the new bone formation but also attach directly to living tissue chemically via formation of biologically active apatite layer, leading to interfacial bonding [1, 2] . Hence HAp has gained extensive acceptance for bone implant applications due to its excellent biocompatibility, bioactivity, non immunogenic, non inflammatory behaviour and osteoconductive nature [3] [4] [5] . Literature survey reveals that most of the research work carried out on HAp based materials is concentrated on understanding bioactive nature of HAp with the help of in-vivo and in-vitro bioactivity tests [6] [7] [8] [9] . Besides this, HAp is widely used in other application areas, which are basically based on electrical behaviour of HAp, such as chemical sensor [10] [11] [12] , ionexchanger [13] [14] [15] [16] , fuel cell [17] . Recently, HAp is being used for electrical applications such as an electrical insulating coating for electronic devices including implantable devices and dielectric coating [18] . It is reported that the electrical and dielectric properties are useful for biomaterial applications since the bone is natural composite made up of fluids, collagen and HAp matrix [19] . Hence it is worth to carry out study on electric and dielectric properties of HAp to have better understanding of electrical and biological phenomena. From this point of view, complex impedance spectroscopy technique is an appropriate approach to investigate the electrical properties of hydroxyapatite material. Few reports are available on dielectric and electric properties of HAp. These studies not only describe dielectric behaviour of pure HAp, ion exchanged HAp and HAp based composites but also dependence of dielectric constant on sintering temperature and porosity [10, [18] [19] [20] [21] [22] [23] [24] .
Furthermore, few reports have been focused especially on Sr-HAp because partial substitution of Sr 2+ ions in HAp, with low concentration, is not only found to be beneficial in the osteoporosis treatment, dissolution behaviour and growth kinetics but also for improvement in mechanical properties. Therefore, Sr-HAp has found promising applications in bone repairing in dentistry, orthopaedic and reconstructive surgery because Sr-HAp is supposed to stimulate bone formation. Though strontium and calcium belong to same group of periodic table, the ion exchange capacity of Sr-HAp is found to be su-perior to HAp [25] [26] [27] [28] [29] . J. Bera et al. have carried out comparative study on dielectric properties of HAp and Sr-HAp in detail [30] .
In addition, detailed luminescence studies on HAp doped with rare earth metals are also carried out [31] [32] [33] [34] [35] . Zhang et al. have studied the luminescence property of nano and microcrystalline hydroxyapatite with multiple morphologies [36] . A study on the inherent luminescence of annealed biomimetic apatite grown on NaOH treated titanium has been carried out by Muller et al. [37] . Chung et al. have used photoluminescence technique to show the formation of hydroxyapatite coating through a bio-mimetic process [38] . Few studies have shown that strontium doped HAp is an efficient luminescent material [39, 40] . However the photoluminescence and dielectric properties of partially substituted Sr 2+ ions in HAp, after incubation in m-SBF for particular duration, have not been carried out so far.
Hence, the present paper deals with measurement of photoluminescence and dielectric properties of incubated Sr-HAp in detail. In-vitro bioactivity study on Sr-HAp pellets is carried out by incubating them in modified SBF for various durations. The incubated Sr-HAp pellets are characterized by XRD, FTIR and SEM. The dielectric properties of these incubated ion exchanged HAp samples are studied in the frequency range of 10 Hz to 1 MHz. The fluorescence study is also carried out to show the development of apatite layer on Sr-HAP.
MATERIAL AND METHODS

Hydroxyapatite Synthesis
Nano-sized hydroxyapatite (HAp) is synthesized via a precipitation method described in previous work [5, 10] . Di-ammonium hydrogen orthophosphate ((NH 4 ) 2 HPO 4 ) solution is dropped in to calcium nitrate tetrahydrate (Ca(NO 3 ) 2 ·4H 2 O) solution to achieve necessary Ca/P molar ratio (1.67). The precipitation reaction is carried out at 100˚C temperature under vigorous stirring for five hours and during the process pH of the reaction is controlled by using ammonia solution. The obtained milky precipitate is aged for 24 hours at room temperature followed by rinsing with distilled water for the removal of ammonia. The product is then dried in an oven at 100˚C and crushed into powder form. Dried product (HAp) is finally sintered to 1000˚C in air atmosphere for 2 hours.
Ion Exchange of Hydroxyapatite
Ion exchange is carried out for partial substitution of Ca 2+ ions by Sr 2+ ions in sintered hydroxyapatite powder to form Sr-HAp. Ion exchange process consists of addition of known amount of HAp to an aliquot of 25 ml of 0.005 M strontium nitrate solution followed by five hour continuous shaking of suspension at room temperature. After achieving saturation ion exchange equilibrium, the suspension is filtered and dried using air oven at 100˚C overnight. Ion exchanged powder (Sr-HAp) is compacted at 5 ton pressure to obtain a disc of 13 mm diameter with 2 mm thickness using hydraulic press. These pellets are then sintered at 500˚C in air for about 2 hrs and are used for further in-vitro bioactivity tests and electrical measurements.
Preparation of Simulated Body Fluid (SBF)
Modified simulated body fluid (m-SBF) is prepared using various reagents as per the ionic concentration presented in Table 1 [41, 42] . It reported that deficiency in 3 
HCO
 ion concentration in Kokubu SBF solution takes longer period to form calcium apatite nuclei on the HAp surface. Therefore, m-SBF is used wherein the required 3 
 ion concentration, that resembles human plasma (27 mM/liter), is achieved by increasing its concentration as per Tas and Jallota.
All the reagents are added in a sequential manner, as mentioned in Table 1 , to the 1 L double distilled water which is continuously stirred at 37˚C temperature. Tris buffer is added pinch by pinch in order to avoid formation of precipitate. While adding of all reagents, the pH of the m-SBF solution is monitored by pH meter and finally adjusted to 7.4 using 1 M HCl. Ion exchanged pellets are then immersed in freshly prepared m-SBF for variable duration of 8, 16, 24 and 32 days. After particular incubation duration, mentioned above, the pellets are removed from m-SBF solution and are rinsed with distilled water. These incubated pellets are then dried at room temperature and are characterized by XRD and SEM.
Characterization
XRD is carried out for structural identification of HAp and incubated Sr-HAp pellets. X-ray diffraction patterns are collected using a Rigaku Miniflex X-ray diffractometer operating at CuKα (λ = 1.5405 Å) radiation in the 2θ range 20˚ -60˚.
Shimadzu make FTIR spectrophotometer (Model 2000) is used for identification of functional groups of HAp sample in scanning range of 600 -4000 cm −1 with a resolution of 4 cm
The surface morphology and microstructure of the Sr-HAp samples, before and after incubation, is obtained by means of Scanning Electron Microscopy (JSM/JEOL-6360). Elemental composition of the Sr-HAp sample, before immersing into SBF, is determined by means of EDAX and is presented in Table 2 . The dielectric measurements are carried out at room temperature in the frequency range 10 Hz to 1 MHz using Impedance analyzer (Quad Tech 7600). For the electrical characterization, good electrical contact with the sample is obtained by coating silver paste on both sides of the sintered pellet surfaces. Dielectric constant is measured using the formula [10] :
where C is the capacitance of pellet, d is the thickness of pellet, ε 0 is the permittivity of free space (8.85 × 10
) and A is the area of the pellet. AC conductivity of HAp and Sr-HAp is estimated by using real and imaginary parts of complex impedance measurements prior to incubation and also after incubation in m-SBF. The AC conductivity is calculated using the formula [43] :
where Z' and Z  are the real and imaginary parts of the impedance, A is the area of sample and t is the thickness of sample.
The relaxation time  is also calculated from complex impedance plot using the formula: 1 2πfc
 
where fc is the relaxation frequency corresponds to the maximum value of Z  .
The bulk resistance is determined from the intercept of the each semicircular arc on the real axis and the corresponding capacitances (C b ) are also calculated.
Fluorescence spectra of pure HAp, incubated Sr-HAp samples, and Sr-HAp sample without incubation are also obtained using Shimadzu make Spectroflurophotometer (RF5301PC). The PL measurements are carried out at room temperature in air atmosphere. A xenon lamp is used as an excitation light source. Initially, the excitation wavelength for Sr-HAp is scanned from 350 nm to 650 nm range. The excitation wavelength is chosen according to the excitation spectrum wherein the most intense excitation peak is located at 409 nm. The emission spectra for all samples are obtained in the wavelength range 409 nm to 650 nm. Figure 1 shows the XRD patterns of pure HAp and incubated Sr-HAp samples. X-ray diffraction phase analysis of HAp sample, presented in Figure 1(a) , shows the development of hexagonal hydroxyapatite phase. The XRD profiles of incubated Sr-HAp samples show that hydroxyapatite structure is retained by all samples during incubation in m-SBF. This indicates that replacement of Ca 2+ ions by Sr 2+ ions does not change the structure. However, it is observed that majority apatite peaks are slightly shifted towards higher 2θ values in all incubated Sr-HAp samples. This is attributed to lattice expansion due to higher atomic radius of Sr 2+ ions than Ca 2+ ions. Crystal sizes of incubated Sr-HAp samples, calculated using the Scherrer's equation, are found to be in the range 18 -24 nm.
RESULTS
Typical FTIR spectra of pure and Sr-HAp without incubation and incubated Sr-HAp are presented in Figure  2 . The FTIR spectra show that all samples exhibit a similar kind of spectrum. The typical characteristic bands of hydroxyapatite are observed to be present. Three absorption bands present at around 1030 cm and 967 cm −1 corresponds to stretching mode of characteristic phosphate group. The band at 3570 cm −1 belongs to the vibrational mode of (OH) − ion. The band at 672 can be attributed to hydroxyl group. The presence of these functional groups confirms the formation of hydroxyapatite structure. The 1440 and 880 cm −1 peaks are due to (CO 3 )
2− group which indicates that a carbonate substitution has taken place in the product during growth process. Figures 3(a)-(e) depicts the surface morphologies of Sr-HAp pellets before and after incubation. The surface morphology of Sr-HAp before incubation shows the presence of small sized but separated particles (Figure  1(a) ). After 8 days of incubation, nucleation of abundant tiny granular apatite particles along with pores has occurred on the surface and is depicted in Figure 3(b) . The rate of apatite nucleation and porosity increases as the incubation time increases. The surface is found to be completely covered by aggregated apatite after incubation of 16 days as seen from Figure 3(c) . With further increase in incubation time up to 24 days, no significant changes in surface microstructure are observed (Figure  3(d) ). Figure 3(e) shows agglomeration of aggregated apatite particles and increase in porosity for the samples incubated for 32 days in m-SBF. Thus, it is concluded that incubated Sr-HAp sample shows the ability to act as a template for growth of apatite on its surface which in turn gives the evidence for the bioactive nature of SrHAp. EDAX result indicates the development of calcium and phosphorus-rich apatite phase with a lower concentration of strontium as depicted by Table 2 . Figure 4 (a) presents the change in dielectric constant as a function of frequency of applied ac field. It can be concluded that the dielectric constant decreases with increasing frequency for all the samples. The dielectric constant of Sr-HAp (82) is greater than that for pure HAp (36) (Inset in Figure 4(a) ). This increase in dielectric constant is due to inclusion of Sr 2+ ions in HAp matrix. This result is compatible with the values reported in the literature [10, 43] . Dielectric constant is also observed to be dependent on incubation period. Dielectric constant, calculated at a lower frequency of 10 Hz, is found extremely high (11000) for 8 days of incubation and is observed to be decreasing with increase in incubation duration from 16 to 32 days (5000). This may due to apatite growth on the HAp surface after soaking in m-SBF.
Typical variation in dielectric loss with frequency is presented in Figure 4(b) . The dielectric loss is found to be decreasing with increase in frequency. Moreover, it is concluded that higher the period of incubation, higher is the dielectric loss.
Figure 4(c) shows the variation in real part of AC conductivity as a function applied frequency for all samples at room temperature. AC conductivity remains constant in the lower frequency region upto 1 KHz (frequency independent) for almost all samples at RT and further increase in frequency shows linear increase in conductivity in accordance with the universal power law [σ(ω)αω"] as reported earlier [44] . It is observed that larger the soaking period of the sample in m-SBF, higher is the conductivity. Therefore, the sample incubated for 32 days shows highest conductivity hence higher number of free dipoles [45] . The Cole-Cole plot (Figure 5(b) ) shows the higher resistance values for lower frequencies. Therefore, at lower frequencies upto 1 KHz, the AC conductivity is observed to be very small as depicted in the Figure 4(c) . However, for higher frequencies the resistance goes on decreasing and results in increment in conductivity. A similar kind of trend is observed in all incubated samples. real axis (Z') and are given in the Table 3 . It is observed that R b increases with rise in incubation period. The capacitance values (C b ) are in the range of nF.
Figure 6(a) shows the variation of Z' with frequency at different incubation periods. It is observed that the values of Z' decreases with increase in frequency and decrease in incubation period. This indicates that conductivity is increasing with increase in incubation period. For all variable incubation periods, the value of Z' merge together at higher frequencies. It reveals that dipoles are not able to follow high frequency fields. The variation of Z  with frequency at various incubation periods is shown in Figure 6(b) . The plot shows that Z  values possess a maxima and position of this maxima shifts to lower frequency side with increase in incubation duration. This is related to relaxation process in HAp matrix. The magnitude of Z  decreases with decrease in incubation period. Figure 7 shows photoluminescence spectra of pure HAp and Sr-HAp without incubation along with incubated Sr-HAp samples. The characteristic intense blue emission peaks are obvious in the emission spectra for all the samples. The results show that all HAp samples emit light of wavelength ranging from 409 nm -650 nm with a peak at around 476 nm. There is essentially no shift in the spectral position for the characteristic emission peak, but the PL peak relative intensity changes with duration of incubation in m-SBF along with appearance of an additional peak at around 445 nm after 16 days of incubation. Thus, it can be concluded that m-SBF incubated samples give more excellent PL performance than without incubated pure and Sr-HAp in terms of PL intensity. The 32 days incubated Sr-HAp has the highest PL intensity in the six samples. It may be due to growth of apatite layer during incubation in m-SBF.
DISCUSSION
The formation of biological apatite layer on the bioactive Sr-HAp surface takes place via dissolution and precipitation processes. In the Sr-HAp samples, Ca 2+ ions are partially replaced by Sr 2+ ions using ion exchange process. This partial replacement of Ca 2+ ions by Sr 2+ ions in HAp matrix is responsible for increase in solubility of HAp as a result of lattice expansion due to higher atomic radius of Sr 2+ ion than Ca 2+ ion. Due to dissolution of Sr-HAp, when immersed in m-SBF, Ca 2+ and Sr 2+ ions are released. This increases the ionic activity product of apatite in the surrounding body fluid. According to kinetics of bone like apatite formation, the ( PO  ) ions from the body fluid [46] . Thus, migration of calcium and phosphate ions to the surface readily induces apatite precipitation on the HAp surface to get stabilized by being crystallized into bonelike apatite. They grow further consuming calcium and phosphate ions from the simulated body fluid spontaneously. Thus, during apatite layer formation various ions play a key role because ionic interaction takes place between sur-face ions and ions from the m-SBF.
Generally in most of the ceramics, the major role is of ionic polarization along with some electronic contribution. The Sr-HAp structure contains the ions like Sr 2+ , Ca 2+ , and (OH) − . Being heavy and less mobility, the ionic displacement begins to lag the field reversals with the increase changes and ionic polarization decreases. Therefore, the dielectric constant decreases as frequency of applied field increases. This results in increasing the loss factor and contributing less to the dielectric constant. At still higher frequencies, the field reversals are such that the ions cannot cope with these changes. 3 4 PO  Relaxation time is the time required for the reorientation of the ions to their original position while the ac field is applied. When the ions are not capable to cope up with ac field changes, dielectric constant decreases. Increase in immersion time leads to increase in relaxation time. The relaxation time for a sample of 8 days incubation in m-SBF is observed to be least compared to other samples which are incubated for longer durations. Therefore, it is concluded that ions in a sample with 8 days incubation can reorient themselves quickly compared those for higher incubated samples. Therefore, the dielectric constant is observed to be the highest for 8 days incubated sample and goes on decreasing with incubation period.
Furthermore, the condictivity is associated to the ionic mobility of surface-ionized species. Therefore, the increase of conductivity with immersion period may be probably associated to a change of the nature of the surface sites after incubation. It is believed that the immersion process provides enough water conditions, which accelerates the hydration rate of Sr-HAp. With the immersion proceeding in the early stages, the dissolution provides favorable sites for the formation of apatite nuclei. Then, as the immersion time increases in the growth stage, Ca and P concentrations decreases gradually probably due to the Ca-P formation by consuming the calcium and phosphate ions in m-SBF which might be affecting on conductivity.
The AC conductivity in a dielectric material is due to hopping mechanism of bound charges due to absence of free charge carriers in such materials. These bound charges hop back and forth from one bound state to another. The hopping mechanism is well supported by the conduction behavior of the samples wherein AC conductivity increases at higher frequencies.
The Ca 2+ or Sr 2+ ions and the groups are not responsible for luminescence phenomenon in HAp. Therefore, the observed luminescence from pure and Srdoped HAp samples must be due to some impurities in the host lattice. The FT-IR spectrum shows the presence of carbonate ions at 1440 and 880 cm −1 . This indicates the existence of some carbon-related impurities on the surface of the HAp samples. The impurities may be due to the carbonate inclusion during the growth process in hydroxyapatite lattice and is responsible for the selfactivated luminescence. 
